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The problem of baryon structure is discussed in light of recent advances in large Nc QCD (where Nc is the
number of colors in the gauge theory) and chiral perturbation theory. The emphasis is on constraints on
models of the baryon and much of the discussion is focused on chiral soliton models such as the Skyrme
model. One main issue is the fact the Nc and chiral limits of numerous nucleon quanitities do not commute.
The origin of this noncommutivity can be traced to the special rule of the  resonance. Implications for
baryon models are discussed.
.25in CONTENTS *.04inI. Introduction *.02inII. The Skyrme Model, Its Hedgehog Relatives, and a
Chiral Puzzle III. Baryons in the Large Nc and Chiral Limits *.01inIV. Implications for Modeling Baryons
Acknowledgments Appendix A: Chiral Properties in Skyrme Models Appendix B: Consistency and LargeNc
References
I. INTRODUCTION *.18in
It has been known since the discovery of the large anomalous moment of the proton in the 1930s that
the proton is not a fundamental Dirac particle; it has an internal structure. Since this time, understanding
the structure of the nucleon|and of other baryons|has been an important problem in theoretical physics.
Early attempts to model the structure of the baryon were based on a cloud of virtual mesons. In the 1960s an
apparently entirely dierent approach was developed in which the structure of nucleon and other baryons was
explained in terms of the quark model. For the past two decades, it has been understood that the nucleon
is a stable state in quantum chromodynamics (QCD), the gauge theory underlying the strong interactions.
Thus the structure of the nucleon is understood as arising from the interactions of the quarks and gluons in
QCD.
Why is the problem of baryon structure still of interest today? One primary reason is that the we cannot
directly solve QCD in the low energy regime and hence we cannot directly compute baryon properties from the
underlying theory. Thus, at present, the theoretical study of baryons depends largely on phenomenological
models and on exploiting those features of QCD which are tractable. Recently, signicant progress has been
made in understanding some of these tractable features of QCD including aspects of the 1=Nc expansion
(where Nc is the number of colors) and on the chiral expansion. This colloquium is intended will review
some of these developments with a particular emphasis on the implications for models of baryon structure
which are on the market.
It might be argued that eventually these considerations will become irrelevant. In time, numerical
simulations of lattice QCD may become good enough so that reliable model independent extractions of baryon
properties may be obtained.Present lattice calculations have signicant systematic uncertainties associated
with extrapolations to the continuum and innite volume limits, and in extrapolations to light quark masses.
The present state of the art is nicely summed up in Karsch et al. (1995).owever, while high quality numerical
simulations may allow us to test whether QCD can explain low energy hadronic phenomena, they will not,
by themselves, give much insight into how QCD plays out in the low energy regime. To obtain insight, simple
intuitive pictures are essential. Models provide such pictures. Condensed matter physics provides a useful
analogy: even if one were able to solve the electron-ion many-body Schro¨dinger equation by brute force on a
computer and directly predict observables, to have any real understanding of what is happening, one needs
to understand the eective degrees of freedom which dominate the physics such as phonons, Cooper pairs,
quasiparticles, and so forth. To have intuition about these eective degrees of freedom modeling at various
levels is essential. In much the same way, models of the hadrons are essential in developing intuition into
how QCD plays out in the low energy domain.
Of course, there are a plethorea of models of the nucleon on the market. Most of these models seem,
at least supercially to be quite dierent. As two extreme examples consider the nonrelativistic constituent
Karsch et al. (1995). H
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quark model (for an introduction to this model see Close (1979); Isgur (1992); Karl (1992)) and the Skyrme
model (Skyrme, 1961a, 1961b, 1962; there are many reviews of the Skyrme model|see for example Zahed
and Brown, 1986). The degrees of freedom seem to be completely dierent. In one case the nucleon is
thought of as a bound state of three constituent quarks, and in the other as a topological soliton composed
completely out of mesons. As will be seen in the course of this colloquium, despite the apparent dierences,
these models share important similarities|some of which are not completely obvious. Accordingly, when
evaluating the models it is important to distinguish features which are peculiar to the model and those arising
from general features of QCD. An obvious, trivial example of a general feature which constrains models is
isospin symmetry (or, more generally, flavor symmetry). Any sensible model is isospin symmetric (up to
small corrections) and thus, for example, all models will predict a degenerate proton and neutron. The fact
that some model predicts this degeneracy should not be viewed as a triumph of the model, but merely as a
necessary condition on sensible model building.
In much the same way, the large Nc behavior of any sensible model of baryons is strongly constrained
by QCD (Witten, 1979). Moreover, this behavior, particularly the spin-flavor structure (Gervais and Sakata,
1984a, 1984b; Dashen and Manohar, 1993; Dashen et. al, 1994, 1995) is highly nontrivial and one nds
model-independent relations between nucleon and  properties which become exact as Nc gets large. These
relations follow directly from the fact that as Nc ! 1, the system obeys a contracted SU(2nf) symmetry
where nf is the number of light flavors. The fact that the large Nc behavior of the model must match
QCD constrains the predictions of the model up to order 1=Nc type corrections. In this sense, although
Skyrme models and constituent quark models are quite dierent, both classes of models are constrained to
have certain relations among observables up to 1=Nc corrections and thus, as far as the relations between
these observables are concerned, the models are similar. Of course, in the real world Nc = 3 so that 1=Nc
corrections may be large|naively one would expect they are typically of relative order 1/3. However, recently
it has been observed that, for certain relationships (such as for isovector axial or magnetic couplings) these
relations must hold to order 1=N2c (Dashen and Manohar, 1993; Dashen et al., 1994, 1995) and thus are
naively at the level of about 10%.
QCD also has approximate chiral symmetry due to the fact the current quark masses of the light quarks
are much less than the typical hadronic scale. As is well known, apart from the explicit symmetry breaking
due to the nonzero quark masses, there is also spontaneous symmetry breaking; the ground state of the
theory, the vacuum, is not invariant under chiral rotations even though the Lagrangian is. This has profound
consequences: Goldstone’s theorem tells us that in the absence of explicit symmetry breaking there must be
massless particles|particles which are identied with the pions (or more generally, with the pseudoscalar
octet). Moreover, neglecting nite quark mass eects, the interactions of pions with each other and with
baryons are also constrained by the symmetry to vanish at zero momentum transfer. (The constraints of
chiral symmetry are nicely described in the recent review by Bernard, Kaiser and Meissner (1995).) It is
quite sensible to treat the light quark masses as part as a perturbation and develop a systematic expansion.
This expansion is chiral perturbation theory (PT ). The natural parameter is generally taken to be m2=
2,
where m2 is proportional to mq (due to the Gell-Mann{Oakes{Renner relation (Gell-Mann et al., 1968) and
 is a typical hadronic scale, such as MN , m or 4f .
Chiral symmetry strongly constrains certain properties of the nucleon, particularly -N scattering, and
one might wish to view chiral properties as providing a necessary constraint on a reasonable model of
the nucleon. Many models such as Skyrme models, chiral or hybrid bag models (reviewed in Vepstas and
Jackson, 1990), chiral quark meson models (reviewed in Banerjee, Broniowski and Cohen, 1987; Birse, 1991)
and baryon models based on the Nambu{Jona-Lasinio model (reviewed in Alkofer, Reinhardt and Weigel,
1995) are explicitly chirally symmetric. On the other hand, many models of baryons do not respect chiral
symmetry. Famous examples include both the consituent quark model and the MIT bag model (Chodos et
al., 1974). One attitude that can be taken is that as long as one avoids studying physics which is sensitive
to low momentum -N interactions, such as -N scattering, the explicit role of chiral symmetry is small and
its indirect eects may be simulated by a good non-chiral phenomenology.
There are certain interesting subtlties involving the large Nc and chiral expansions. For example, in
the combined large Nc and chiral limits there are new model-independent predicitions. These predictions
can be derived from pion loop eects in large Nc chiral perturbation theory|a generalization of usual
chiral perturbation theory which accounts for the large Nc behavior of the quantities involved (Cohen and
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Broniowski, 1992). If one looks at these predictions one immediately observes that the large Nc and chiral
limits do not in general commute; for a number of quantities the qualitative result depends on whether one
rst takes the chiral or large Nc limit. If such a quantity is treated as a function of mq , then the 1=Nc
expansion is not uniformly convergent; conversely, if such a quantity is treated as a function of Nc, then
the chiral expansion is not uniformly convergent. The origin of this behavior is ultimately rather easy to
trace. In the large Nc limit the N- mass splitting goes as 1=Nc. This is seen explicitly in the Skyrme
model (Adkins, Nappi and Witten, 1983) and can be derived in general from large Nc consistency conditions
(Jenkins, 1993). Consider the ratio between the pion mass and the N- mass splitting:
equation d  mM −MN :def : d
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